We present the status and plans of the Angra Project, a new reactor neutrino oscillation experiment, proposed to be built in Brazil at the Angra dos Reis nuclear complex. This experiment is aimed to measure θ 13 , the last unknown of the three neutrino mixing angles. We propose a high sensitivity multi-detector experiment, able to reach a sensitivity to antineutrino disappearance down to sin 2 2θ 13 = 0.006 in a three years running period, by combining a high luminosity design, very low background from cosmic rays and careful control of systematic errors. We also intend to explore the possibility to use the neutrino detector for purposes of safeguards and non-proliferation of nuclear weapons.
I. INTRODUCTION
Nuclear reactors played a very important role in neutrino physics. Indeed, neutrinos were first experimentally detected 50 years ago by Reines and Cowan [1] using the outcomingν e flux from a nuclear reactor and observing neutrino interactions through the inverse-β decay, ν e + p → e + + n.
Recently, the KamLAND experiment [2] , also using neutrinos produced in nuclear reactors, observed clear signals of neutrino oscillation, establishing the Mikheyev-SmirnovWolfenstein (MSW) [3] large mixing angle solution for the solar neutrino problem.
Despite the fact that enormous progress has been made in neutrino physics in the last decade [4] , there are still three unknown parameters necessary to fully describe the neutrino oscillation phenomena: the mixing angle θ 13 , the CP phase δ and the sign of the mass squared difference, ∆m 2 13 ≡ m 2 3 − m 2 1 , which is positive (negative) if the mass hierarchy is normal (inverted).
There is a general consensus that the measurement of θ 13 is the most important step towards further progress in the field. In fact, θ 13 controls the experimental accessibility of the other two unknown parameters. If θ 13 is non-zero and relatively large, it can open the possibility to measure δ by the observation of CP violation in the leptonic sector and to determine the neutrino mass hierarchy.
While it is true that θ 13 can also be measured in accelerator based appearance experiments, such measurements are subject to degeneracies [5] due to specific combinations of the unknown oscillation parameters. On the other hand, reactor neutrino short baseline experiments can provide a very clean measurement of θ 13 [6] , free of ambiguities from degeneracies and matter effects [3] . Moreover, by combining the reactor measurement of θ 13 and accelerator based oscillation experiments, the determination of the other mixing parameters becomes significantly improved [7] .
In this contribution we describe the main features of the Angra Experiment [8] , a project to observe antineutrino disappearance at the Angra dos Reis nuclear complex in Brazil. The experimental approach is to measure, with high precision, the neutrino energy spectra at two different distances from the reactor core: one of them obtained by a close detector (hereafter called the Near Detector -ND) located at ∼ 300 m from the reactor, providing us with the reference spectrum minimally affected by oscillations; and the other one obtained by a detector placed at a suitable distance, typically ∼ 1.5 km (the Far Detector -FD), to observe the spectral distortion induced by oscillations. Thus, the neutrino mixing parameter values can be inferred by the differences between the ND and FD spectral shapes.
As a first step of the experiment, we plan to build a small detector with a baseline L 60 − 70 m, which will be used to measure the initial neutrino flux at the production point, practically not affected by oscillations, as well as the reference energy spectrum. This detector can also be useful for the purpose of safeguards issues and non-proliferation of nuclear weapons. Moreover, such a Very Near Detector (VND) will work as a prototype to test concepts and elements of the larger ND and FD and to perform general cross-checks.
II. ANGRA DOS REIS: THE NUCLEAR REACTOR COMPLEX MAIN FEATURES
The Brazilian nuclear reactors are located at Angra dos Reis, a city about 150 km south of Rio de Janeiro. The Angra nuclear reactor complex has two operational reactors (Angra I and II) and a third one is under approval process (Angra III, similar to Angra II). The state-owned company Electronuclear is responsible for the general management and commercial operation of the plant. The thermal power of the reactors are 2 GW and 4 GW for Angra I and II, with uptimes around 83% and 90%, respectively. The topology of the surrounding terrain, formed by mountainous granite, is an advantage of the site. We show in Fig. 1 a topographic map of the reactor complex where the positions of the three detectors are indicated. At about 1.5 km from the Angra II reactor, there is the so-called "Morro do Frade", the highest nearby peak (700 m), providing an overburden of ∼ 2000 m.w.e. .
In Fig. 2 we present the expected muon flux as a function of the depth. As can be seen, the Angra FD site has an overburden comparable to other dedicated underground facilities. Thus, a substantial reduction of the cosmic ray induced background can be achieved by construction of an underground experimental hall, accessible by a horizontal tunnel to be built at a much lower cost than the vertical shafts.
III. OSCILLATION PROBABILITY
Neglecting terms that will give very small contributions, the antineutrino survival probability, P(ν e →ν e ), in vacuum is described by
The solid curves gives the underground muon flux extrapolated from the LVD experiment results [9] . Big dots indicate overburdens of different reactor experiments. The arrow points to the Angra FD situation. The two deepest installations, added for comparison purpose, are dedicated underground laboratories (Kamioka in Japan and Gran Sasso in Italy).
where L is the propagation distance (the baseline). Taking into account the typical energies for reactor neutrinos (E ∼ 3-5 MeV), the first minimum of the probability, i.e., the point of maximal flavour conversion, can be achieved at L ∼ 1.5 km, coinciding with the proposed far detector baseline.
We show in Fig. 3 a plot of the probability as a function of L/E, where relevant limits for the Angra case are indicated by the vertical lines. Here the probability was computed assuming sin 2 2θ 13 = 0.05, and using the best fit values of the mixing parameters from solar, atmospheric, reactor and accelerator neutrino measurements, ∆m 2 12 = 8 × 10 −5 eV 2 , sin 2 θ 12 = 0.31, ∆m 2 13 = 2.5 × 10 −3 eV 2 , sin 2 2θ 23 = 1.0 [2, [10] [11] [12] [13] .
From this plot it is clear that for both near detectors (VND and ND), the oscillation effect is negligible (P ∼ 1) whereas the first oscillation minimum occurs at the far detector distance for E ∼ 2 − 5 MeV. Let us note that the third term in Eq. (2) is negligible at the baseline we are considering (L ∼ 1.5 km), that explains why we can perform a clean measurement of θ 13 without suffering from the ambiguities of other mixing parameters and basically free of matter effects. 
IV. THE EXPERIMENTAL DESIGN
The Angra neutrino oscillation experiment will consist of two neutrino detectors to be set at the near/far configuration, as explained above. The third one, the VND, is planned to be built as a prototype. In addition, the very near detector will work as a non-intrusive nuclear reactor monitor, within the international effort promoted by the IAEA, to develop tools for verification of safeguards on non-proliferation of nuclear weapons. The VND (1 ton), ND (50 ton) and FD (500 ton) will have a very similar design, scaled appropriately, as shown in Fig. 4 . The design concept is based on two complementary systems: the antineutrino detector and the muon veto, briefly described in the following sections.
A. The antineutrino detector
The antineutrino detector, designed in a standard monolithic configuration is made of three concentric volumes with different functions: i) theν e target -innermost volume filled with gadolinium doped liquid scintillator with high efficiency to tag inverse-β decay events due to the high cross section for neutron capture; ii) the gamma catcher -intermediate volume filled with standard scintillator to increase the detection volume for gammas from neutron capture and, as a consequence, the fiducial volume of the target; iii) the non-scintillating buffer -the outermost volume filled with mineral oil to reduce the radioactivity from outside. The phototubes are installed in the buffer outer wall, with about 15% of surface coverage, looking inside to monitor light pulses from interactions. The organic liquid scintillator is a solvent mixture with a basic component like C n H 2n+2 , < n > = 9.8, and additional activators and wavelength shifters such as PPO and POPOP. The proton richness of this kind of compound provides a large number of target particles for the main antineutrino interaction channel, the inverse β-decay (Eq. (1)). All three volumes are filled with the same liquid basis to guarantee their optical match and uniformity of light collection by the phototubes.
Theν e signature is given by the detection in time coincidence of the secondary particles: e + , n. The positron generates the prompt signal and the delayed detection of gammas from neutron capture gives the second signal. The gamma detection must occur in an adjustable time window with typical duration of 3 τ < ∆t < 5 τ, where τ is the mean time interval for neutron capture. Noise rejection can be considerably improved by reducing the time window for coincident pulses. The neutron capture cross section is increased by a factor of up to 10 5 by loading the scintillator with gadolinium in a concentration of 0.1 − 0.5%, resulting in 15µs < τ < 50µs, a factor ∼ 5 shorter than the mean time interval for capture on free protons in unloaded scintillators [14] .
The neutrino energy is related to the positron energy by E ν = E e + + ∆m np , i.e. the positron energy plus the neutronproton mass difference (∆m np ). We remind the reader that the visible energy is E vis = E e + + E γ , with an additional contribu-tion from the photons from the positron annihilation.
B. The muon veto
The muon veto is an external layer, consisting of plastic scintillator paddles, screening the internal systems (the antineutrino detector). All paddles have attached phototubes at both ends and work in fast time coincidence, triggered by muons from cosmic rays passing through the apparatus.
The muons can produce neutrons by spallation either in the detector or in surrounding material. These background neutrons can be captured in the scintillator, producing gammas in delayed coincidence with the muon signal or any other spurious signal. This kind of events can mimic a true anti-neutrino interaction. So, after a trigger coming from the muon veto system, the readout of the front-end electronics is suppressed in case of an instantaneous recognition of a muon induced event, or otherwise, just flagged to enable an accurate analysis of the background.
Substantial improvement in noise rejection can be achieved with a suitable overburden condition, as planned for the ND and FD experimental rooms. The VND is planned to be installed at least some tens of meters underground, and with an extra shielding, provided by thick walls of some dense material (iron or concrete, for instance).
V. EXPERIMENTAL REACH
In Table I, Based on the yields at the ND and FD, the expected sensitivity to sin 2 2θ 13 at 90% CL as a function of the integrated luminosity is shown in Fig. 5 . The assumed value of ∆m 2 13 is 2.5×10 −3 eV 2 . The calculations were performed by minimizing the χ 2 function defined to take into account four different types of systematic errors, σ i j , whose assumed values are indicated in the figure. We used the same χ 2 function used in [15] . The subscripts D(d) represents errors correlated (uncorrelated) between detectors and B(b) errors correlated (uncorrelated) between bins of the measured energy spectra. As can be seen a limit of sin 2 2θ 13 = 0.006 at 90% confidence level can be achieved within three years provided that systematic errors are well controlled. and sin 2 2θ 13 for 3 years of data taking assuming the same systematic errors as in Fig. 5 . The blue band indicates the allowed range of ∆m 2 13 coming from atmospheric neutrino observation [11] .
In Fig. 6 we show the expected sensitivity in the parameter space of ∆m 2 13 and sin 2 2θ 13 for 3 years of data taking assuming the same systematic errors as in Fig. 5 .
VI. THE VERY NEAR DETECTOR
We are currently developing the very near detector, that will serve as a prototype to test detector elements, performance and as a survey tool for systematic studies. The VND will also be used to monitor the reactor activity, and to provide an additional tool for verification of safeguards on non-proliferation of nuclear weapons. In fact, the number of antineutrinos detected, n ν , is related to the reactor thermal power, W , by the relationship
where N H is the number of hydrogen atoms in the fiducial volume, R is the distance from the source to the detection point and γ is a constant which takes into account the contributions to the power output made by the fissile isotopes 235 U, 238 U, 239 Pu and 241 Pu [16] . Recent studies have shown the feasibility of using the antineutrino emission from nuclear reactors as an on-line monitor of the reactor activity. A prototype of this kind of detector is running at the San Onofre reactor (U.S.A.) [17] , and a previous experiment was done at the Rovno reactor (Ukraine) [16] .
Recent theoretical work shows also that a detector capable of measuring the antineutrino spectrum with high precision can determine not only the thermal power of the reactor but also the fractions of isotopes in the fuel. It is possible to achieve an accuracy of a few percent without knowing the initial fuel compositions [18] because the neutrino energy spectrum from each of the different isotopes is different, as shown in Fig. 7 [19] .
In a joint survey of the Angra site with engineers from the Electronuclear company a preliminary location at 66 m from the reactor core has been selected for the positioning of the Very Near Detector. At this distance we expect about 1,000 events/day for a 1 ton detector.
VII. SUMMARY
We have presented the status and plans of the neutrino oscillation experiment to be performed at the Angra dos Reis nuclear complex in Brazil. This experiment proposes to reach a sensitivity to anti-neutrino disappearance down to sin 2 2θ 13 ∼ 0.006 by measuring the spectrum distortion caused by the oscillation.
As a first step, we are developing a small prototype detector close to the reactor core (L 60 − 70 m), the very near detector, which will also be used to monitor the reactor activity, and to provide an additional tool for verification of safeguards on non-proliferation of nuclear weapons. We are currently performing Monte Carlo simulations to achieve the best detector design and studying solutions to the front-end electronics and data acquisition systems.
We intend to start experimental activities in the Angra site at the end of 2006, measuring the local muon flux, and installing communication systems for remote control and data transfer. The planned turn-on dates are 2008 for the Very Near Detector and 2013 for the complete Angra configuration.
